Cellulose nano-and microfibrils (CNF/CMF) grades vary significantly based on the raw materials and process treatments used. In this study four different CNF/CMF grades were combined with kaolin clay pigment particles to form nanoporous composites. The attained composite properties like porosity, surface smoothness, mechanical properties and density properties depended strongly on the raw materials used. In general, higher kaolin content (~80 wt-%) led to controllable shrinkage during drying, which resulted in improved dimensional stability of composites, compared to a lower kaolin content (~50 wt-%). On the other hand, the use of a plasticizer and a high amount of CNF/CMF was essential to produce adequate elasticity for the composites. The performance of transistors when fabricated on the nanoporous composites was strongly dependent on the raw materials used. The formation of the semiconductor layer was affected by the porosity, roughness, hydrophobicity, polarity and absorption properties of the top-most layer at the composite. The developed natural fiber-based substrates may be applied to novel value-added applications in intelligent products, such as sensors and simple displays.
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Introduction
The internet of things (IoT) is an emerging megatrend that connects physical devices, vehicles, and homes to the internet, allowing transmission, collection, and exchange of data between them [1] . IoT combines sensors, actuators, and electronics with network connectivity. For example, a biosensor combined with a modified atmosphere package (MAP) could detect a leakage of protection gas, instantly transmitting a warning via the integrated radio-frequency identification tags (RFID). Along the food supply chain, from warehouses, stores, and homes the leakage can be detected and reported immediately. This allows significant savings, e.g., in food spoilage that is currently approximately 100 kg/capita/year in the western world [2] . The price of individual RFID tags is constantly decreasing allowing their wide-scale utilization in various applications. Recently, Delta Air Lines announced that they will integrate RFID tags to each individual checked-in baggage carried by the airline providing an accurate and real-time monitoring of the carried luggage [3] . These examples highlight the potential of IoT with interconnected devices: significant improvements in logistics and large economic benefits can be achieved. In order for it to be practical to integrate sensors into each individual package, a very low cost per unit is required (less than 0.01 USD/device). Functional printing is expected to play a key role in such cost-efficient production, as it allows a large number of devices to be manufactured in a roll-to-roll (R2R) process flow, resulting in a significant unit cost reduction.
In addition, sustainability has become an issue with conventional electronics. According to a research report by Gartner, smart phone sales exceeded 1 billion units in 2014 [4] . At the same time, the lifetime of electronics has become shorter resulting in large amounts of electronic waste. A more ecologically sustainable approach was suggested by Irimia-Vladu et al. [5] proposing replacing conventional inorganic components with organic counterparts. Printed electronics are traditionally manufactured on plastic films. However, a more ecologically sustainable alternative is to use renewable, recyclable, and biodegradable cellulose-based substrates [6] [7] . An additional benefit of cellulose-based substrates is the possibility to control the ink setting properties, e.g., by mineral pigment dispersion coating [8] .
Hybrid materials combining CNF with pigments is an attractive field due to the CNF tendency to form strong and porous network structures in which inorganic particles can be homogeneously embedded [9] . Such flexible hybrid materials can be used for packaging applications, coatings, and film composites [10] . Moreover, flexible printed electronics and separation membranes can be obtained with further modification of hybrid composite structures [11] . There are numerous studies indicating that CNF/CMF films provide better smoothness and lower porosity of structure compared to traditional paper. The positive properties of CNF/ CMF films are approaching polymer plastic film properties [12] [13] .
The fabrication of low-cost pigment-cellulose nanofibril (PCNF) composite on a semi-pilot scale and its application as a separator substrate for printed supercapacitors has also been demonstrated [14] . Mineral pigment particles are traditionally widely used to improve gloss, smoothness, and printability of coated paper and paperboard grades. They can also be used to improve barrier properties and to obtain a lower porosity of hybrid films. High-strength CNF-talc hybrid barrier films were obtained by Liimatainen et al., in which the addition of platy talc particles resulted PCNF films with a small pore size and high oxygen barrier properties. An additional benefit of using mineral pigments is related to cost. They are much more cost effective compared to pure CNF solutions used in printed electronics. This means that minimizing the amount of CNF is the best solution considering the current price of CNF. [16] .
CNF grades vary based on the raw materials and process treatments used. Here four different CNF grades were utilized ranging from enzymatic fibrillation to TEMPO-oxidation and lignocellulosic CNF (LCNF). Recent work [17] on lignocellulosic CNF on nanopapers obtained a significantly lowered porosity and water absorbency due to a small fraction of large pores. These findings suggest that lignin acts as an adhesive between fibrils, enabling improved mechanical properties. Lignin also decreases the surface energy of the fibrils, [18] reducing polarity and hydrophilicity of the CNFs. Here LCNF with kaolin pigments were combined. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t
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The developed PCNF composites have a nanoporous pigment-fiber network structure that allows controlling of the ink absorption properties. Therefore, high-quality functional printing is possible on such smooth and nanoporous surfaces, without short circuit problems in the devices fabricated on the surface. The required substrate porosity and smoothness properties strongly depend on the used printing method, ink, solvent, and device design, which are affected by absorption, surface charge and binding properties. These substrate properties can be controlled by the selection of the used raw materials, including mineral pigments, cellulose micro/nanofibrils, and other additives. This paper is organized as follows: in Section 2 describes the methods used for manufacturing and characterization of the kaolin-CNF composites. An ion-modulated transistor was deposited on the PCNF substrates with varying pigments and CNF constituents. Section 3 discusses the physicochemical characterization of the fabricated PCNF composite substrates and the performance of the deposited transistors. Finally, in Section 4 the conclusions of the present work are presented.
Experimental: Materials and Methods

Materials for composites
The TEMPO-oxidized cellulose nanofibrils (TCNF) were made from never dried, bleached softwood kraft pulp. The carboxylic acid content was 1 mmol/g of pulp. The fibers were fibrillated within a two-pass treatment by using a Microfluidizer M7115-30. The initial material for native (CNF) cellulose nanofibrils and high consistency enzymatic grades (ECMF) of cellulose microfibrils was never dried bleached softwood kraft pulp. For lignocellulosic grade nanofibrils (LCNF), the initial material was never dried, unbleached softwood kraft pulp. The fibril cellulose gels (CNF and LCNF grades) were obtained after six passes through a Masuko Sangyo (Supermasscolloider type MKZA10-15J) grinder by using a decreasing gap width and increasing operating power. The power varied from 1.7 to 2.5 kW. Rotation speed was fixed at 1500 RPM.
High-consistency enzymatic fibrillation of cellulose ECMF grade was processed at high consistency (20-30% dry solids content during mixing). The procedure includes three key factors: mechanical low energy demand agitation, using of cellobiohydrolase (CBH) enzymes and temperature control of enzyme activity. A more detailed description of the manufacturing method can be found in [19] .
The main pigment used in the study was the platy-shaped pigment kaolin Capim SP (Imerys Minerals Ltd, UK). The solids content of the slurry was 70 % and average particle size was 0.54 μm. Another used grade was hyper-platy crystal kaolin HX spray-dried Barrisurf™ (Imerys Minerals Ltd, UK) with an especially high high aspect ratio of fine mineral particle size. The Barrisurf™ contains nano-dimensional thickness crystals. No additional dispersants were used. The plasticizer used in the study was D-Sorbitol (S1876, Sigma Aldrich).
Characterization of cellulose nanofibrils
Viscosity and degree of polymerization (DP) of initial raw materials were measured according to the standard ISO 5351 [20] . The cellulose nanofibrils were characterized using microscopy and UV-Vis spectroscopy as described in [20] . Congo Red (0.5%) and Toluidine Blue (0.1%) were used as marker colors in the optical microscopy characterization.
Rheological properties (storage modulus, loss modulus and shear viscosity) were measured at 0.5% consistency and at a temperature of 23 °C using a rotational rheometry (Anton Paar MCR301, ST22.4V vane spindle method) [21] . The charge of cellulosic gels was measured according to the standard SCAN-CM 65:02.]. Water retention of the cellulose nanofibrils (ÅAGWR) was measured based on the modified SCAN-C 62:00 method described in [22] . A c c e p t e d M a n u s c r i p t
The grinder was connected to a frequency converter where the power of the grinder's motor was monitored. Specific energy consumption (SEC, kWh/kg) was calculated from the equation
where P = gross power (kW), t = refining time (h), and m = mass of the pulp after refining (kg). The amount of residual fibers in the starting materials and mechanically treated samples was measured using the Kajaani Fiberlab Analyzer similar to Chinga-Carrasco et al. [23] and Mayer et al. [24] . Each sample was first soaked in 0.4 g/l consistency and dispersed using a high shear laboratory blender for 2-3 minutes. The samples were further mixed in 5 l of water at 40 mg/l consistency with an impeller for 10 minutes. 50 ml of the dispersed sample, or approximately 2 mg in dry weight, was pipetted into the analyzer, and fiber analysis was performed with two repeated measurements. The non-fibrillated fraction of fibers was thus estimated based on the amount of detected fibers and the concentration of the suspension.
Manufacturing of pigment-CNF (PCNF) composites
The nanoporous composites were formed by vacuum filtration. Cellulose micro / nanofibrils were first diluted to 0.5% dry solids content suspension in deionized water and stirred with an IKA Ultra Turrax T18 basic or a NETZSCH Shearmaster for 15 minutes at room temperature. The pigment suspension was prepared by mixing to 18-20% dry solids content. The pigment-CNF (PCNF) suspension was further diluted to a filtration concentration of 0.2% and mixed with a magnetic stirrer. The PCNF suspension was poured slowly into an over-pressurized sintered glass funnel filtration device and drainage was carried out at 0.8 bar. The sintered glass funnel device was equipped with a Whatman blue stripe filter paper with a porosity of 10-16 µm, in order to retain the fibrils and pigments and remove water.
The composites obtained after filtering were first pressed gently according to the procedure shown in Figure 1 . The initial pressing was done with a 10 kg metal couch roll over the trial points ten times. The filtrated composites were sandwiched between filter papers, blotting papers and flat glass plates. The composites were directly extracted from the filtering paper or pre-dried with a contact dryer (62 °C) about three minutes and extracted after that. The required pre-treatment method was dependent on the CNF grade used. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t
The drying of the substrates was carried out using a contact dryer, i.e. a simultaneous application of both heat and pressure as described in [25] . The contact dryer included a curved metal plate, heated by electrical coils from the bottom side, and a tensioned dryer fabric. The experiments were carried out on a hot plate at 62°C for 15 minutes with a constant fabric tension of 2 kg/cm. After the drying process, the sheets were conditioned in a standard climate (25°C, 50% relative humidity (RH)) before calendering and physical testing. The sheets were calendered once using a laboratory scale calender with a hard roll nip, applying approximately 20 MPa pressure and 170 °C surface temperature on the lower roll. Composites with a target grammage of 100 g/m² were obtained and conditioned at 25°C and 50% RH prior to testing.
Scanning helium ion microscopy (HIM) provides high-resolution images, with a large depth of field on a wide range of materials, without sample damage. HIM gives information on topographic-, material-, crystallographic-and electrical properties of a sample. HIM can be directly used for high-resolution imaging of various non-conductive organic samples such as cellulose fibers without a need for a conductive carbon or metal coating. HIM can also be used for imaging the composites from macro-to nanoscale in order to complement observations from X-rays and optical coherence tomography.
PCNF trial points (Table 1) were imaged using HIM with beam current of 0.2-0.3 pA at 30 keV of energy. Three samples were prepared for each PCNF sample: top, bottom, and cross-section. The top and bottom sides were imaged with a 950 µm (the smallest possible magnification), 100 µm, 20 µm, and 4 µm field of view (FOV) at the same region on the sample. Small FOV images were not necessarily from the center of the larger FOV image, but a typical sample location was chosen. Sample charging was neutralized with an electron flood gun in all images with approximately 10 min of total collection time for each image. The original image resolution was 2048x2048 pixels. In this work the images have been compressed to half that resolution and image contrast has been enhanced (auto-leveling). 
Mechanical and structural testing of composites
The sheet grammage was analyzed by scanning the composite surface area using an Epson Perfection 3200 PHOTO scanner, whereas the thickness and density were determined with a Lorenzen & Wettre micrometer (SCAN-P 7:75). The air permeability was measured using a Lorentzen & Wettre SE 166 device based on the SCAN P-26:78 standard. The surface roughness was measured using an Altisurf 500 profilometer (Cotec, Évian, France) with a sampling resolution of 1 µm and a total measured area of 0.5 × 0.5 mm 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t (2) where z x,y is the distance between the surface point and the mean surface height. The measurement was repeated six times for each measured sample.
The formation was measured utilizing a β-ray method [26] . In the VTT measurement system a storage phosphor screen (SPS) is exposed, through a complete sample, by beta radiation. Carbon 14 was used as the source of the radiation. The screen was scanned with a Fuji BAS-1800 II SPS reader (resolution of 0.1 mm) in order to determine the radiation absorption map, which was then converted to a grammage map. The standard deviation of grammage (i.e. formation) was then calculated using a measured area of 100 × 100 mm 2 . The specific formation (unit √ ) has been systematically used to include the effect of basis weight variation on the formation, obtained by dividing the standard deviation of basis weight by the square root of the basis weight.
The stain length test was performed using an IGT printability tester according to the AIC2-5T2000 standard and the Global Standard Tester instructions. The printing disc and a paper strip were placed on the sector of an IGT-printability tester and a drop of oil with a volume of 5.8 ± 0.3 mg was spread onto a stain in the printing nip. The length of the stain was measured.
Mechanical properties of the composite films were characterized using an Instron 8872 equipped with a 10 kN load cell. Dog-bone specimens of 30 mm gauge length and 4 mm width (see Figure 6 ) were cut from each film. Stress-strain data were produced using a strain rate of 1 mm/min, under controlled air conditions at 23°C and 50% RH, and the results are reported with standard deviation from ten parallel measurements.
Manufacturing and electrical performance of transistors
The used semiconductor layer consists of a blend of poly(3-hexyl thiophene) and the environmentally friendly and biodegradable insulating polymer poly(L-lactic acid) (P3HT:PLLA). Figure 2 shows a schematic of the device structure. The weight ratio used for the P3HT:PLLA blend was 1:4. The main reason for using this blend, instead of a pure semiconductor, was to achieve a thin semiconductor layer on top of the insulating layer (PLLA), even on a rough and absorptive substrate such as paper. The used solid electrolyte was a mixture of D-sorbitol and Choline Chloride (ChoCl) in high molecular weight polyolefin dispersion (HYPOD TM 8501, Dow Chemicals). Sorbitol and ChoCl were mixed at a molar ratio of 1:1 until the mixture turned into a liquid gel. This gel was then mixed with the water-dispersed binder. The electrolyte was finally spin casted at 3 000 RPMs for 30 s. The water evaporates during the casting process resulting in a solid film containing roughly 50 % sorbitol/ChoCl and 50% binder. The source-, drain-, and gate electrodes were all thermally evaporated at a pressure of approximately 10 mbar. Further details on the transistor fabrication processes and electronic properties of the reference ÅA transistor can be found from our previous publications [6, [27] [28] [29] . All transistor devices were fabricated and measured in a nitrogen atmosphere. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t
The transistors were characterized by measuring transfer curves in saturation mode, where the drain voltage (V D ) was kept at -1 V and the gate voltage (V G ) was swept from 0 V to -1.2 V and back to 0 V. In Figure 8 , a schematic of the transistor is shown. The figures of merit (FOMs) were extracted from the measured transfer curves. These include the drain current (I D ) measured at V G = -1.2 V (ON-current), I D measured at the point where V G starts to increase logarithmically (OFF-current), the ratio between the ONand OFF-current (ON/OFF-ratio), the gate current at V G = -1.2 V (leakage) and the ratio between the leakage current and the ON-current (leakage/ON-current).
Results and discussion
Four different CNF grades were tested in this study: native CNF (CNF), lignocellulosic CNF (LCNF), TEMPOoxidized CNF (TCNF) and enzymatic processed CMF (ECMF) together with kaolin clay pigment particles. Each of these raw material combinations resulted in different composite properties, i.e. surface roughness, mechanical properties, formation and density. Such characteristics were expected to have an effect on the deposited transistor properties as a proof-of-concept application example.
Physical properties of CNF grades
The characteristics of different CNF / CMFs are presented in Table 2 . ÅAGWR values simulate different water removal mechanisms. Hence, they also correlate with the degree of fibrillation and the network structure. The water retention values of the fibrillated samples showed significant differences, with lower values, indicating better dewatering. Based on the water retention values, and also duration of the filtration during composite manufacturing, the TCNF grade had a higher capability to retain water and thus many times longer dewatering time. In addition, the LCNF grade had higher retention values than CNF-and ECMF grades. However, no clear effect was observed between composites of CNF-, LCNF-and ECMF grades in filtration times. A c c e p t e d M a n u s c r i p t 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t Optical microscopy images of the fibrillated nanomaterials are shown in Figure 3 . The images show a great variation in sample appearance. The finest material observed was TCNF grade (D), not containing any fiber fragments or unfibrillated material. The CNF (A) and LCNF (C) grades had some intact fibers, but also a significant amount of fibrillated material, both as fibrils and fibril bundles. The ECMF (B) grade included a significant amount of microscale fibrils and also intact fibers. It had less fine material compared to the other grades and a low aspect ratio of particles. In summary, these observations correlate to the composite properties, i.e. the ECMF grade, together with pigments, produced a rougher surface with lower strength properties.
Figure 3. Microscopy and SEM images of different grades of cellulose nanofibrils a) CNF b) ECMF c) LCNF d) TCNF.
Page 8 of 16 AUTHOR SUBMITTED MANUSCRIPT -FPE-100080.R1
Figure 4. A viscosity curve as a function of the shear rate (A), transmittance and residual fibers (B), and the storage and loss modulus (C) of the CNF grades.
The degree of fibrillation for ECMF grade was clearly lower compared to the other grades as observed in Figure 4 (B) resulting in a low shear viscosity ( Figure 4A ) and a high amount of residual fibers ( Figure 4B ). In addition, the ECMF grade was not a gel-like structure at 0.5% consistency and therefore thixotrophic behavior was not observed ( Figure 4A) . Correspondingly, the transmittance of the ECMF material was also at a significantly lower level (4 %-unit) compared to the other grades, with transmittances from 26 % to 74 % ( Figure 4B ). Furthermore, a low degree of fibrillation and aspect ratio of particles were observed to have an effect on other relevant composite properties. All these measured parameters explain why ECMF grades together with pigment particles resulted in a high surface roughness, low density, short stain length and insufficient mechanical properties of composites.
The TCNF grade, processed through the microfluidizer, had the highest transmittance values and the lowest amount of residual fibers, compared to the other grades, as presented in Figure 4B . Also, the shear viscosity of the TCNF gel was the highest ( Figure 3A) . Thus, it can be concluded, that the TCNF gel had the highest degree of fibrillation compared to the other grades. This is also supported by the light microscopy images (Figure 3) . The high degree of fibrillation resulted in a significantly stronger gel structure compared to the other CNF grades measured with gel mechanical parameters: storage and loss modulus ( Figure 3C ). According to both storage and loss modulus the strongest gel was produced by the TCNF grade. A high loss modulus means a higher yield stress and usually high water retention behavior. LCNF also had a 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t significantly higher storage and loss modulus compared to the CNF grade, which was produced in a similar way from the same raw material. However, the bleaching process was only included in the production of the CNF grade. Therefore, it can be concluded that the presence of lignin resulted in a stronger gel. However, it is worth emphasizing that a stronger gel was not automatically followed with stronger mechanical composite properties in the presence of pigment particles. Together with the plasticizer, the LCNF grade resulted in having the highest tensile index, strain at break, and toughness. The difference from native grade was quite small, yet noticeable. In summary, more data is needed to study the CNF parameters' effects on the mechanical properties of the composites in future work.
Physical properties of PCNF composites
Composites made by vacuum filtration turned out to have a higher surface roughness on the bottom side than on the top side due to the effect of filtration paper, as observed also in earlier studies [30] . Therefore, an uneven cross-sectional structure was observed as shown in Figure 5A . The upper side was denser compared to the bottom side due to the higher amount of pigment particles on top. On the other hand, the bottom side included more cellulosic nanomaterial resulting in a higher porosity. The PCNF was filtrated from the bottom side of the composite during the forming process. Based on these observations, the upper side of the composite was selected as the surface upon which structural analysis and transistor fabrication would be carried out. In general, a migration path through the structure depends on particle packaging, alignment and various other factors. The long migration path suggests better barrier properties. In this work, Figure 5B displays the tortuous path with platy kaolin Barrisurf pigments (shape factor 100) which creates a long migration path through the composite. A higher amount of cellulose nanomaterial in the composites (~43 wt-%) had a significant effect on the shrinkage during drying. The drying shrinkage leads to fragile and non-elastic film structures. In order to avoid this, sorbitol was added at 15 wt-% to the composites. It is noteworthy that composites made 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t without sorbitol as a plasticizer and higher amount of cellulosic nanomaterial were not included in this study due to the wrinkling and cockling of samples during the drying process. The dewatering behavior of the composites was considered to be an indicator that the composites could be suitable for large-scale mass production. Overall, a higher kaolin amount (80 %) improved the dimensional stability of the composites with controllable shrinkage during drying, compared to a lower amount (50 %).
The different composite surfaces were characterized using HIM. Significant differences were observed when varying the type of CNF used as seen in Figure 6 . A higher roughness was attained with ECMF, compared to other grades, easily observable from images in Figures 6A-C 
Figure 6. Helium Ion Microscope (HIM) images of composite surface morphology. The top side of the composites was imaged, using 100 µm (A-C) and 20 µm (D-F) fields of view. In A) and D) TCNF_20, in B) and E) LCNF_20C, and in C) and F) ECMF_20 are shown.
The density data is shown in Table 3 for the PCNF composites. The lowest material densities were achieved when ECMF grade (ECMF_43) and Barrisurf (LCNF_20B) were used as raw materials. The achieved low density for the ECMF grade is due to a lower amount of fibrillated material, when compared to the other CNF grades studied. As expected, the low density achieved when using Barrisurf is due to a higher aspect ratio of pigment particles resulting in an increased pore volume and surface roughness in the composite. The measured air permeability was below measurement limit for all trial points, which indicates a low porosity and good barrier properties. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t Surface smoothness is a crucial property for the composites when using them as a substrate for printed electronics. The lowest roughness values were measured for composites consisting of 80 wt-% Capim kaolin and 20 wt-% CNF or LCNF grade, however the results of the statistical analysis indicate that the TCNF grade reached the same smoothness values. On the other hand, the ECMF grade with the same pigment type and amount produced the lowest smoothness values. Therefore, the used CNF grade had a significant effect on surface smoothness. The rough ECMF grade resulted in the lowest surface smoothness, which is logical. However, the use of a finer TCNF grade did not improve the surface smoothness, compared to the CNF or LCNF grades. One explanation may be that on this particular roughness scale, the size and the shape of the pigment begins to dominate. Table 3 also shows the formation Spec-numbers. The most even formation was obtained with TCNF due to the low amount of residual fibers and thus a homogenous size distribution. This leads to a high degree of fibrillation and an increase of the bonding area for cellulose nanofibril pigment.
We can observe a correlation between the surface smoothness and the stain length if the scale is wide enough. Hence, a print penetration test can be used to estimate surface porosity. A low surface porosity leads to a longer stain length in the stain test. Correspondingly, a high surface porosity leads to a shorter stain length with a higher absorbance of the used solvent into the structure. The correlation between stain length and Hg-porosity measurement is good based on earlier studies [31] . Figure 7 summarizes the measured mechanical properties of the PCNF composites. The use of a plasticizer in the PCNF composites clearly increased both the strain at break and the toughness for trial points CNF_43 (native grade) and LCNF_43 (LCNF grade), which are in good agreement with values in the literature [16] . A different behavior was observed for the ECMF_43, most probably due to its poor ability to bind pigments together. This is due to a low degree of fibrillation of ECMF fibers, which can be seen in the CNF characterization data, i.e. a high amount of residual fibers and a lower shear viscosity. Also, the low pH level of ECMF grade will have an impact on the interactions of kaolin and fibrils causing flocculation and this should be taken account in future studies [32] . On the other hand, the use of a plasticizer and a higher amount of CNF was essential to produce adequate elasticity for the composites. Without using a plasticizer, both strain at break and toughness values of composites were insufficient for further converting processes. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t The use of TCNF grade produced composites with the highest Young's modulus. Additionally, the trial point with 80 wt% pigment loading together with TCNF produced composites with a high tensile strength. Comparing the trial points LCNF_20C and LCNF_20B, where the only difference was the pigment used, it can be concluded that Barrisurf produced a slightly higher tensile strength and Young's modulus, compared to Capim SP mineral. This is probably due to the high aspect ratio of particles in Barrisurf pigment. PCNF composites with the best mechanical properties were produced using LCNF grade together with a plasticizer (LCNF_43), resulting in the composites having a high tensile strength, strain at break and toughness, and also an adequate Young's modulus value. Figure 2 shows the schematic of the model transistor device and Figure 8 shows two examples of transfer curves (TCNF_20 and ÅA). Table 4 summarizes the FOM values that were extracted from the measured transfer curves. No clear difference in the film forming properties of the semiconductor layer can be distinguished from the appearance of the devices. Typically, during the casting of this particular semiconductor, it will show different colors depending on semiconductor crystallinity and thickness. The composite substrates themselves have slightly different brightness. Table 4 shows that the trial points CNF_43, LCNF_43 and LCNF_20B have similar transistor properties compared to that of the reference ÅA paper. They have slightly lower ON-currents and higher leakage currents, but are still comparable to the ÅA reference device. The PCNF composites can thus be used as a natural fiber-based substrate for electronic devices without any significant loss of performance. Trial point TCNF_20 showed the highest ON/OFF-ratio, but it also showed the highest leakage current. This would result in increased power consumption and would not be a desirable alternative for the ÅA paper. Trial points CNF_20 and LCNF_20C showed poor transistor characteristics, while ECMF_43 showed no transistor characteristics at all. No transistors were fabricated on the ECMF_20 due to high roughness values that would have resulted in similar poor transistor performance as in the case of ECMF_43. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 
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Conclusions
Important properties of composites for printed electronics applications include surface smoothness, nanoscale porosity, and controlled barrier properties. A nanoporous pigment-fiber network structure allows optimized absorption of ink solvents into the substrate. Additionally, such optimized structure allows high-quality printing and manufacturing of functional devices on smooth and closed surfaces. In this study four different CNF/CMF grades were utilized together with kaolin clay pigment particles. Each of the raw material combinations resulted in different composite properties, e.g. surface roughness, mechanical properties, formation, and density. Ground lignocellulosic nanofibrils (LCNF), together with a plasticizer and kaolin pigment particles, resulted in the films having high mechanical strengths without impairing water removal during the manufacturing process. TEMPO oxidized cellulose nanofibrils (TCNF) with kaolin particles formed stiff and even surfaces but had poor dewatering properties due to high fibrillation level of the TCNF. The use of a plasticizer and a high amount of CNF/CMF was essential to produce adequate elasticity in the composites.
The CNF/CMF grade plays a significant role in surface smoothness and porosity of composites. Such characteristics have a clear effect on the properties of, e.g. transistors fabricated on said composite 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t substrates. Furthermore, the low degree of fibrillation and the aspect ratio of particles were observed to have a weakening effect on relevant properties of composites. Several of the studied PCNF composite types had similar transistor properties compared to that of a reference paper designed for printed electronics. The PCNF composites have slightly lower ON-currents and higher leakage currents. However, they are still comparable and these PCNF composites can be used as a natural fiber-based substrate for transistor devices, without any significant loss of device performance. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t
